Tissue culture methods for the isolation and assay of the dengue viruses have been developed in a number of laboratories (1) (2) (3) (4) (5) (6) (7) . Their aim has been to find an in vitro substitute for the suckling mouse (the usual host for these procedures). This study introduces a new method for the assay of mouse-adapted dengue viruses. Titrations and neutralization tests for serotypes 1, 2 and 4 have been conducted in test tube cultures of primary monkey kidney cells by a procedure using hemagglutination as the virus detection technique. This hemagglutination-virusdetection (HVD) procedure is based ' upon a previously unreported property of dengue-infected monkey kidney cells: i.e., under appropriate conditions these infected cells release viral hemagglutinin (HA) into the tissue culture medium. The HA is then demonstrated in a simple manner that does not require preliminary extraction of hemagglutination inhibitors from the medium. Dengue virus HA has previously been reported in the fluid phase of infected HeLa (3) and KB (8) cells; its demonstration in these cultures required a preliminary extraction of hemagglutination inhibitors.
The HVD procedure has been used as a convenient and effective method for the assay of several dengue virus serotypes using test tube monolayers, a primary cell type, and readily available media.
MATERIALS AND METHODS
Viruses and hyperimmune sera. The dengue virus strains used in this study were obtained from the Department of Bacteriology, University of Singapore. They were dengue type 1 (Hawaiian), mouse brain passage 112; dengue type 2 (Trinidad 1751), mouse passage 61; dengue type 3 (H-87), mouse passage 76; and dengue type 4 (H-241), mouse passage 48. Stock ampules, one passage level higher, were prepared as 20 per-cent homogenates of suckling mouse brains in Dulbecco's phosphate-buffered saline solution (PBS) (pH 7.2) containing 20 per cent heat-inactivated normal rabbit serum (56 C for 30 minutes). The ampules were stored at -65 C.
Hyperimmune sera were prepared in weanling mice by 5 intraperitoneal inoculations given during a 20-day period. The inoculations consisted of 0.2 cubic centimeter of a 10 per cent sucklingmouse-brain suspension in PBS. None of the suspensions were inactivated by formalin. The mice were bled about one week after the last inoculation and the sera were stored at -65 C. Before use each serum was filtered through a Seitz asbestos filter pad.
Cell cultures. Test tube monolayers were prepared from Macaca irus kidneys following the procedure described by Schmidt (9) . Test tubes were seeded with 1 cubic centimeter of a 1:250 dilution of cells in growth medium at pH 7.3. After 2 to 3 days, the medium was changed using 2 cubic centimeters per tube of growth medium at pH 7.6. Every 3 to 4 days thereafter, both before and after virus inoculation, additional media changes were made using 2 cubic centimeters per tube of maintenance medium at pH 7.9. A sample of 12 or more test tube monolayers from each lot was pretested by the HVD procedure for the presence of adventitious agents that might cause hemagglutination. The lot was then used, usually within 8 days after seeding.
Media and virus diluent. Growth medium at pH 7.3 contained (per liter) 100 cubic centimeters of 3 per cent lactalbumin hydrolysate 4 ' 6 (L), 100
'Held at 56 C for 10 minutes, then filtered. 8 Nutritional Biochemical Company.
cubic centimeters of a 10 X concentration of Earle's balanced salts without phenol red (E), 100 cubic centimeters of 1 per cent yeast extract 6 -7 (Y), 100 cubic centimeters of lamb serum, 8 14 cubic centimeters of a 7.5 per cent solution of NaHCC>3 and 586 cubic centimeters of deionized water. Growth medium at pH 7.6 was modified to contain 30 cubic centimeters of NaHC0 3 , 567.5 cubic centimeters of water and 2.5 cubic centimeters of tris buffer solution (10) . Tris buffer was prepared by dissolving 24.2 grams of tris in 70 cubic centimeters of water, adding sufficient 5 N HC1 to bring the pH to 7.6 and then bringing the final volume to 100 cubic centimeters with water. Maintenance medium at pH 7.9 contained (per liter) 100 cubic centimeters each of L, E and Y, 50 cubic centimeters of inactivated lamb serum, 2.5 cubic centimeters of tris, 30 cubic centimeters of NaHCC>3, 2 cubic centimeters of 1 N NaOH and 615.5 cubic centimeters of water. The serum-free medium at pH 7.9 contained (per liter) 100 cubic centimeters each of L and E, 2.5 cubic centimeters of tris, 30 cubic centimeters of NaHC0 8 , 0.5 cubic centimeter of NaOH, 0.9 cubic centimeter of a 1 per cent phenol red solution and 766.1 cubic centimeters of water. The virus diluent contained (per liter) 100 cubic centimeters of L and E, 30 cubic centimeters of fetal bovine serum, 2.5 cubic centimeters of tris, 761.5 cubic centimeters of water, but no NaHC0 3 . In its preparation, this diluent was warmed to 35 C; then sufficient 1 N NaOH was added to bring the pH to 7.6. To each medium, including the vi-"Autoclaved at 15 lb pressure for 20 minutes.
'Difco Laboratory. 8 Free of dengue antibody; obtained at a San Francisco abattoir. rus diluent, were added 100 units of penicillin G and 100 micrograms of dihydrostreptomycin per cubic centimeter. All media were filtered using positive pressure and stored at -20 C; the pH determinations were those obtained after thawing and just before use.
Inoculation of cell cultures and mice. The test tube cultures were drained, washed once with 4 cubic centimeters of PBS, inoculated and placed in a slanted position in a stationary rack. The rack was tilted 10 times every 20 minutes during a 3-hour adsorption period at 35 C; 2 cubic centimeters of maintenance medium were then added to each test tube. Thereafter, the cultures were held in a roller drum at 37 C and were examined microscopically for cytopathic effects (CPE) every 2 to 3 days. On the eleventh to twelfth postinoculation day the cultures were tested by the HVD procedure. A monolayer was considered infected if its serumfree medium caused hemagglutination.
Swiss white mice, between 4 to 7 days old, were inoculated intracerebrally and observed for 21 days for death or signs of illness. Fifty per cent hemagglutination-virus-detection dose end points (HVDD 50 ) and 50 per cent mortality end points in mice (LD50) were computed by the method of Reed and Muench (11) .
Virus titrations and neutralization tests. Virus titrations were conducted by preparing serial 10-fold dilutions of the test sample in cold virus diluent. Portions from the same dilution tubes, 10~4 through 10~9, were used to inoculate 12 test tube monolayers (0.2 cubic centimeter per tube) and 12 mice (0.02 cubic centimeter per mouse).
Neutralization tests were done by the constant serum-varying virus method (12) . Serial 10-fold dilutions of a stock virus were prepared in cold diluent. Appropriate dilutions were then combined with an equal volume of undiluted heat-inactivated homologous antiserum (accessory factor was not added). Normal heat-inactivated rabbit serum was the control serum. The serum-virus mixtures were incubated for one hour at 37 C and then placed in an ice bath. Each mixture was used to inoculate 6 test tube monolayers (0.1 cubic centimeter per tube) and 12 mice (0.02 cubic centimeter per mouse).
Ten test tube monolayers were included as normal cell controls in each experiment. To each of these controls was added 0.1 or 0.2 cubic centimeter of virus diluent (which did not contain virus or normal mouse brain tissue). In other respects, the controls were processed in the same manner as infected monolayers.
Hemagglutination -virus -detection {HVD) procedure. On the eleventh to twelfth postinoculation day, the monolayers were drained and washed twice with 4 cubic centimeters of PBS. One cubic centimeter of the serum-free medium was then added to each test tube. The tubes were rotated overnight on the roller drum at 37 C until the pH of the medium was approximately 7.2 to 7.4, as judged by the color change of the indicator. This usually required 18 to 24 hours. Next, the fluid from each test tube was poured into an individual well of an agglutination tray.
The procedure and chemical reagents used for the hemagglutination test are similar to those described by Clarke and Casals (13) ing "test" well. Next, 0.2 cubic centimeter of borate-saline solution (pH 9.0) (which did not contain albumin) was added to each "test" well. The trays were held overnight at 4 C (for convenience), followed by a 5-hour period at room temperature (approximately 26 C) to activate the hemagglutinin. 9 Standardized goose red blood "Preliminary experiments indicated that a 4-to 6-hour period of exposure to the alkaline cells were then suspended 1 to 40 in an appropriate adjusting diluent and 0.4 cubic centimeter of the mixture was added to each "test" well. The final pH of the borate-saline solution, adjusting diluent mixture was 6.5 for dengue virus types 1 and 2, and 6.6 for types 3 and 4. After 2 hours at room temperature, agglutination was read as +1 to +4, depending upon the RBC patterns.
Titration of hemagglutinating antigens. A sample to be titrated was combined with an equal volume of boratesaline solution. The mixture was held at 4 C overnight and then at room temperature for 5 hours. Next, further serial 2-fold dilutions were made in boratesaline solution to prepare dilutions from 1:4 through 1:2048. Then, using agglutination trays, 0.4 cubic centimeter of each dilution was combined with 0.4 cubic centimeter of goose cells in adjusting diluent. The last well showing +3 to +4 agglutination was taken as the end point of the titration.
RESULTS
Growth curves correlating the appearance of HA and infective virus in tissue culture medium. Growth curves were obtained for dengue virus types 1 and 2 (figure 1). The curves showed HA titers and infective virus titers on selected days after inoculation of test tube cell cultures. Each experiment was initiated by the inoculation of 60 monolayers with approximately 100 mouse LD 60 of virus per test tube. On the days indicated the maintenance media of 4 test tubes were pooled for infectivity titrations in mice. The 4 test tubes were buffer at room temperature resulted in nearly maximum HA titers. Activation could also be conducted at 37 C but with some risk of the HA being inactivated shortly after maximum titers were reached. then processed by the HVD procedure for the production of HA. After washing and the addition of 1 cubic centimeter of serum-free medium, the test tubes were incubated overnight. The following day the new media were pooled for an HA titration. Infective virus could not be detected for dengue types 1 or 2 on the first postinoculation day but was present at low titers on the second day. The maximum infectivity titer for dengue type 1 was 10 * Neutralization tests were done by the constant serum-varying virus method. Virus dilutions were mixed with an equal volume of undiluted heat-inactivated homologous antiserum (accessory factor was not added). The mixtures were incubated at 37 C for one hour. Each mixture was then used to inoculate 6 test tube monolayers and 12 suckling mice. Viral infection in tissue culture was determined by the HVD procedure.
t Fractions of the same lot of dengue type 1 hyperimmune serum. Comparative neutralization tests in tissue culture and mice. Neutralization tests were conducted using a stock virus (dengue type 1 or 2) and its homologous antiserum. After the preparation of serial virus dilutions, serum was added, the mixtures were incubated, and then each mixture was inoculated into mice and test tube monolayers. Viral infection in tissue culture was determined by the HVD procedure. Table 2 presents several examples of these experiments including the results of replicate tests for dengue type 1. For each experiment, the log neutralization indices in tissue culture and in mice were within one log of each other.
The hemagglutination patterns that resulted after testing the media of individual test tubes by the HVD procedure could almost always be read in a precise and unequivocal manner (the patterns were either +4 [complete agglutination] or negative). CPE, however, was not useful to detect cellular infection. Although monolayers were frequently cultivated for 3 weeks or longer, cellular degeneration in dengue-infected monolayers was not distinguishable from non-specific degeneration in control monolayers.
Approximately 25 pairs of monkey kidneys were processed to prepare monolayers during the course of this study. Media from 12 or more test tube cultures from each lot were tested by the HVD procedure before starting experiments, and controls were tested during experiments. False positive hemagglutination tests were never encountered.
Foamy degeneration was seen in some lots of test tube monolayers. This degeneration did not appear to affect hemagglutination : hemagglutination did not occur in control test tubes showing foamy degeneration; hemagglutination did not fail to occur in test tubes known to be inoculated with dengue virus although foamy degeneration was also present. Whether foamy degeneration, or adventitious monkey kidney viruses, might have interfered with the initiation of test tube infections at the lowest concentrations of dengue virus in the inocula was not determined. In a few instances a single test tube culture (control or inoculated) showed severe foamy degeneration. Such test tubes were discarded (and were not included in the calculations) only if the degeneration prevented the pH shift of the serum-free medium from 7.9 to approximately 7.3. This, however, did not occur sufficiently often to affect the results.
DISCUSSION
Mouse-adapted dengue viruses have been propagated in a variety of tissue culture systems including primary monkey kidney cells. The methods used to detect viral infection in these systems have included: inoculation of tissue culture media into mice (4, 5, 7) , production of plaques under methyl cellulose or agar (6, 7), CPE (2, 3, 4, 5, 7, 14, 15) , interference (4, 16, 17) and hemadsorption (3). Several of these tissue culture systems have been used for the assay of mouse-adapted prototype viruses. Only the interference procedure in MK2 cells (18) , however, has been shown to be effective for the isolation and detection of a large number of naturally occurring dengue virus strains. The HVD procedure, based upon the release of HA by dengue infected cells, has been developed as an alternative method for detecting cellular infection by the prototype dengue viruses.
Dengue virus HA has previously been demonstrated on the surface of infected HeLa cells by means of hemadsorption (3) . In addition, it has been demonstrated in the fluid n hase of infected HeLa (3) and KB (8) cells by means of hemagglutination. However, the detection of HA in the tissue culture medium of these cell systems required a preliminary extraction of inhibitors of hemagglutination using acetone or trifluorotrichloroethane. In the HVD procedure such an extraction became unnecessary because an inhibitor-free (serum-free) maintenance medium was used during the last 24 hours of virus multiplication.
The HVD procedure has been effective for conducting virus titrations and neutralization tests for mouse-adapted dengue virus types 1, 2 and 4. Dengue type 3 (H-87) did not provide sufficiently high HA titers, however, to permit its use for these assays. Further tissue culture passage of this strain or perhaps the use of another type 3 strain may result in increased titers.
Although neutralization tests performed by the HVD procedure are not likely to be as sensitive as plaque-reduction techniques, the HVD procedure may provide a convenient and effective means for conducting diagnostic neutralization tests on paired sera. The procedure may have several advantages over other tissue culture methods that use test tube monolayers for these assays. The procedure does not destroy or contaminate the cultures. Thus a test may be repeated if desired. A large series of monolayers may be processed with greater ease by macroscopic observations for hemagglutination than by microscopic observations for hemadsorption or interference. The HVD procedure can be recommended for the low cost of its media and for the advantages that a primary cell type may have over a continuous cell line in some laboratories.
SUMMARY
A new tissue culture method has been described for the assay of several mouseadapted dengue viruses. Titrations and neutralization tests were conducted in test tube cultures of primary monkey kidney cells. The method uses hemagglutination as the means for detecting cellular infection. Hemagglutinin (HA) is released by dengue-infected monkey kidney cells into a serum-free medium, substituted for the serum-containing maintenance medium 24 hours prior to the test. The HA is then demonstrated without a preliminary extraction of hemagglutination inhibitors.
Titrations of dengue prototype viruses 1, 2 and 4 were conducted in parallel in suckling mice and in test tube monolayers. Titers obtained in tissue culture for the same serotypes were closely reproducible. The efficiency of the assay in tissue culture as determined by the ratio of the mean HVDD 50 to the mean LD 50 was 0.040 for type 1, 0.79 for type 2, and 0.63 for type 4. Neutralization tests for dengue types 1 and 2 were conducted in parallel in both systems using a prototype virus and its homologous antiserum. For each experiment the log neutralization indices in tissue culture and in mice were within one log of each other.
Growth curves correlating the appearance of HA and infective virus showed maximum HA titers of 1:256 for dengue type 1 and 1:512 for type 2. A maximum HA titer of 1:32 was obtained for type 4. Dengue type 3 HA could not be detected on the first tissue culture passage, but was present at low titers on subsequent passages. Maximum infectivity titers in tissue culture media (as determined in mice) were between 10 
